Arvicolid rodents present both synaptic and asynaptic sex chromosomes. We analyzed the pairing behaviour of sex chromosomes in two species belonging to this rodent group (Microtus ni6alis and Ar6icola sapidus). At pachynema, the sex chromosomes of both species paired in a small region while the rest remain unsynapsed. Consequently at metaphase I, sex chromosomes present end-to-end association. Thus, the pairing behaviour of sex chromosomes in these species is very similar to that previously described for other arvicolid rodents and for most mammals. According to this, we propose that synaptic sex chromosomes were the ancestral condition in the family Arvicolidae, including the genus Microtus. The phylogenetic origin of the asynaptic sex chromosomes in the genus Microtus would have arisen once in the lineage that originated the species M. ar6alis/agrestis and related species, while the lineage that originated the species M. oeconomous and related species conserved synaptic chromosomes. Furthermore, the phylogenetic relationships between the genus Microtus, Chionomys and Pitymys are discussed in relation to the synaptic behaviour of sex chromosomes.
It is generally assumed that the sex chromosomes of mammals arose from a pair of homologous autosomes (GRAVES 1995) , with the pairing region showing the portion of the ancestral pair of homologues that still conserves residual homology (BURGOYNE 1982) . During meiosis the sex chromosomes of mammals undergo homologous synapsis and recombination along the pairing region, although this synapsis can be extended to additional non-homologous regions. In fact, synaptonemal complexes similar to those of autosomal bivalents have been observed in most mammalian sex chromosomes studied.
Homologous synapsis and genetic recombination are generally assumed as obligatory events to assure the correct disjunction of sex chromosomes at anaphase I (BURGOYNE 1982) . For example, in mouse and human the asynapsis of the sex chromosomes results in male sterility or reduction of fertility (MATSUDA et al. 1992; LANGE et al. 1997) .
However, there are several mammalian species in which no synapsis between the X and Y chromosomes is observed at any stage of prophase I. These species include all species of marsupials (SHARP 1982) ; Didelphis 6irginiana (PATHAK et al. 1980) ; Psammomys obesus (SOLARI and ASHLEY 1977; ASH-LEY and MOSES 1980) ; Baiomys musculus (PATHAK et al. 1980 ) and several species of arvicolid rodents (BORODIN et al. 1995) .
Several hypotheses have been proposed to explain the lack of synapsis between sex chromosomes in mammalian species: a) interference of heterochromatic regions with pairing segments; b) loss or malfunction of pairing regions and c) inactivation of the pairing function (for a review see JIMÉ NEZ et al. 1991; CARNERO et al. 1991) .
Since synapsis is a prerequisite for crossing over and chiasmata formation, the sex chromosomes of asynaptic species must be achiasmatic (ASHLEY et al. 1989) . At the same time, as chiasmata formation guarantees correct sex chromosome segregation, alternative mechanisms must exist in those species with asynaptic sex chromosomes, so that sex chromosomes segregate correctly. Those mechanisms could be the attachment of the ends of the axes of the sex chromosomes to the nuclear envelope, the existence of fibrillar structures that maintain together the sex chromosomes and the formation of the sex vesicle (for a review see JIMÉ NEZ et al. 1991) .
Arvicolid rodents are karyotypically one of the most polymorphic groups of mammals studied, with the genus Microtus showing the highest rate of karyotypic change (MARUYAMA and IMAI 1981) . Furthermore, this rodent group is very interesting because they include species with both synaptic and asynaptic sex chromosomes (ASHLEY et al. 1989; CARNERO et al. 1991; JIMÉ NEZ et al. 1991; ASHLEY Hereditas 138 (2003) and FREDGA 1994; BORODIN et al. 1995 BORODIN et al. , 1997 IWASA et al. 1999; MEKADA et al. 2001) .
In relation to the evolution of the asynaptic condition in Arvicolidae species, two hypotheses can be proposed: a) the synaptic condition was, as in most mammals, the primitive trait. This trait was lost during the karyotypic evolution of several species. b) the synaptic sex chromosomes, common in mammals, were replaced in the ancestral species by asynaptic chromosomes. Subsequently, the asynaptic condition became the primitive trait for this group, while some species restored synaptic capabilities.
Thus, the study of the synaptic behaviour of the sex chromosomes of species of this group is interesting because it can help us: a) to understand the origin of asynaptic sex chromosomes, b) to establish phylogenetic relationships between several species, c) to determine the presence or absence of pairing regions in asynaptic species and d) to establish the relationships between asynaptic sex chromosomes and their heterochromatin.
To shed some light on the appearance of the asynaptic condition in the arvicolid group, it is useful to study the synaptic behaviour of the sex chromosomes in species with morphological and karyotypical primitive characteristics as well as in species with more modified characteristics. Here we report the pattern of meiotic pairing between the sex chromosomes of two species of Arvicolidae: Microtus ni6alis, as a representative of species with very primitive karyotypic characteristics, and Ar6icola sapidus, a species that shows a more derived karyotype.
MATERIAL AND METHODS
Two male individuals of the species Microtus ni6alis from Sierra Nevada (Granada, Spain) and two male individuals of the species Ar6icola sapidus from Valdepeñ as (Jaén, Spain) were analyzed.
Chromosomes were obtained from bone marrow cells following usual cytogenetic techniques. The hypotonic treatment was with 0.56 % KCl in water for 20 min. Fixation was with methanol/acetic acid (3:1), and the slides were air dried. Conventional meiotic preparations were made according to FORD and EVANS (1968) . C-bands of mitotic and meiotic chromosomes were obtained using the method described by SUMNER (1972) .
Microspread preparations for synaptonemal complex analysis were made as described in JIMÉ NEZ et al. (1990) and silver-stained according to RUFAS et al. (1982) . Cells were observed and photographed in a light microscope.
RESULTS
The karyotype of M. ni6alis presents a diploid number of 2n=54. All autosomes and the Y chromosome are acrocentric, while the X chromosome is submetacentric. Centromeric C-bands are present in all chromosomes, including the X chromosome, with the exception of the Y chromosome. However, the entire Y chromosome is strongly stained after C-banding treatments (Fig. 1a) . These results coincide totally with those described previously by DÍAZ de la GUARDIA et al. (1981) and BURGOS et al. (1990) . The karyotype of A. sapidus presents a diploid number of 2n =40, including metacentric, submetacentric and acrocentric chromosomes. The X chromosome is a submetacentric element while the Y chromosome is possibly the smallest acrocentric element. Some autosomes and the X chromosome present centromeric C-bands, while the Y chromosome is completely heterochromatic (Fig. 1b) . These results coincide with those described previously by DÍAZ de la GUARDIA and PRETEL (1979) and by BURGOS et al. (1990) .
In both species, conventional meiotic analysis of spermatocytes provided little information regarding pairing of sex chromosomes. However, in C-banded metaphase I the sex chromosomes always showed end-to-end association ( Fig. 2a and b) .
In both cases, silver stained microspread preparations of spermatocytes showed that during pachytene stage all autosomal bivalents are completely paired. Nevertheless, only the terminal parts of both sex chromosomes are clearly synapsed, while the rest remain unsynapsed (Fig. 3a-j) . These results indicate that the sex chromosomes of these species undergo pairing during male meiosis and that the pairing characteristics are similar to those described in other Arvicolidae species and in most mammals.
After pachynema the sex chromosomes gradually desynapse until they give rise to the characteristic end-to-end association observed in metaphase I. In A. sapidus the unpaired axes of both X and Y chromosomes experiment progressive thickening and a densely stained sex vesicle appears (Fig. 3b) . In M. ni6alis, however, although the sex axes are thicker than the autosomal axes, they do not increase in thickness during the course of pachynema and the sex vesicle is less intensely stained. Furthermore, in late pachynema the axes of the sex chromosomes become progressively more fragmented and diffused.
DISCUSSION

Karyotype analysis
It is assumed that the primitive karyotype for the group of arvicolid rodents had 2n=56 chromosomes (27 autosomal pairs and the sex chromosome pair) (MATTHEY 1973) . The characteristic of the primitive karyotypes of this group are high chromosome number, acrocentric morphology for autosomes and sex chromosomes, presence of large centromeric C-bands in autosomes and X chromosomes and entirely heterocromatic Y chromosomes (MODI 1987a,b) .
The karyotype of M. ni6alis presents 2n= 54 chromosomes with 26 acrocentric autosomal pairs, a submetacentric X chromosome and an acrocentric Y chromosome. All chromosomes show centromeric Cbands and the Y chromosome is entirely heterochromatic. All these features indicate that this karyotype is very primitive. In fact, the karyotype of M. ni6alis has been considered very similar to the presumptive karyotype of Allophaiomys pliocaenicus, which is considered the ancestral species for the genus Microtus (BURGOS et al. 1988) . This is in agreement with the consideration of snow voles (including M. ni6alis) as one of the earliest groups arising from speciation in Allophaiomys (CHALINE and MATTHEY 1971) .
The karyotype of A. sapidus has 2n= 40 chromosomes, and few centromeric C-bands. It is very similar to the karyotype of A. terrestris, with 2n =36. In fact, it has been described that only two centric fusions are responsible for the differences in chromosome number between both species (DÍAZ de la GUARDIA and PRETEL 1979). The karyotypic characteristics of these species indicate that their karyotype derived through Robertsonian translocations and pericentric inversions from a primitive conformation in which most chromosomes had acrocentric morphology (DÍAZ de la GUARDIA and PRETEL 1979) .
Sex chromosomes pairing
Synaptic associations between sex chromosomes in pachynema and chiasma formation have been considered standard and obligatory events in most mammals (SOLARI 1989) . However, this is not the case in arvicolid species, which can be placed in two groups according to the synaptic behaviour of their sex chromosomes. The ''synaptic group'' includes species with pairing and synapsis between sex chromosomes at pachynema (ASHLEY and FREDGA 1994; BORODIN et al. 1995 BORODIN et al. , 1997 IWASA et al. 1999; MEKADA et al. 2001) . On the other hand, the ''asynaptic group'' includes those species with sex chromosomes that do not pair or synapse at pachynema (WOLF et al. 1987 (WOLF et al. , 1988 ASHLEY et al. 1989; JIMÉ NEZ et al. 1991; BORODIN et al. 1995; CARNERO et al. 1991) .
According to the meiotic behaviour of the sex chromosomes of the species analysed here, M. ni6alis and A. sapidus must be included in the synaptic group. In fact, in both species terminal regions of X and Y chromosomes were synapsed in pachynema and subsequently showed terminal association at metaphase I. The same synaptic behaviour has been described in species with synaptic sex chromosomes in the genus Microtus (M. montebelli (BORODIN et al. 1997) , M. kikuchii (MEKADA et al. 2001) , M. oeconomous (ASHLEY and FREDGA 1994; BORODIN et al. 1995) ), as well as in the genus Ar6icola (A. terrestris (BORODIN et al. 1995) ).
Several hypotheses have been proposed to explain the mechanisms involved in the emergence of the asynaptic condition in sex chromosomes of mammals. SOLARI and ASHLEY (1977) proposed that in Psammomys obesus the heterochromatic blocks could interfere with the pairing segment. This hypothesis was supported by the observation of species with asynaptic sex chromosomes that also presented large blocks of heterochromatin (Myopus schisticolor (WOLF et al. 1987) ; Microtus agrestis (WOLF et al. 1988; ASHLEY et al. 1989) , M. cabrerae (JIMÉ NEZ et al. 1991) ). However, species with no heterochromatic blocks and asynaptic sex chromosomes have also been described (M. ar6alis (ASHLEY et al. 1989 It has also been suggested that asynapsis could be caused by loss or malfunction of the pairing regions in sex chromosomes JIMÉ NEZ et al. 1991 ). Nevertheless, no molecular studies have been performed until now about this pairing region in asynaptic sex chromosomes that permit us to prove or refute this hypothesis.
Since synapsis of sex chromosomes is a prerequisite for crossing over and chiasmata formation, asynaptic species can also be considered achiasmatic (ASHLEY et al. 1989) . In most mammals it is assumed that crossing over and chiasma formation between X and Y chromosomes are required for correct sex chromosome segregation (NICKLAS 1961 (NICKLAS , 1968 BURGOYNE 1982) . Hence, in asynaptic species there must be other mechanisms that assure the correct disjunction of sex chromosomes. For example, in some asynaptic species the ends of their sex chromosomes are attached to the nuclear envelope, and this has been proposed to be one of the mechanisms involved in proper sex chromosome disjunction (ASHLEY et al. 1989; CARNERO et al. 1991; JIMÉ NEZ et al. 1991) . Another possible mechanism involved in sex chromosome segregation is the presence of fibrillar structures that join the sex chromosomes, as is the case in P. duodecimcostatus ) and in M. cabrerae (JIMÉ NEZ et al. 1991) . Furthermore, it also has been proposed that the sex vesicle could hold the X and Y chromosomes together (JIMÉ NEZ et al. 1991) . In this case, it would be expected that asynaptic species will have more dense sex vesicles if compared with synaptic species. However no such correlation exists and dense sex vesicles can be observed in both asynaptic (P. duodecimcostatus, M. cabrerae JIMÉ NEZ et al. 1991) ) and synaptic (A. sapidus (this paper)) species.
Phylogenetic origin of asynaptic sex chromosomes
The genera belonging to this rodent group can be classified in three groups according to the synaptic behaviour of the sex chromosomes of the species studied to date. Group A: formed by genera where all species show synaptic sex chromosomes (Ar6icola, Clethrionomys, Dicrostonyx, Eothenomys); group B: formed by genera with species that show only asynaptic sex chromosomes (Pitymys, Myopus); and group C: formed by genera including species with synaptic and asynaptic sex chromosomes (Microtus) ( Table 1) .
Two possibilities have been proposed to explain the evolution of the synaptic/asynaptic condition in Arvicolidae. The first hypothesis proposes that the synaptic condition was the primitive trait, as in most mammals, and it was lost in some groups throughout evolution. The other hypothesis suggests that the synaptic sex chromosomes, common in mammals, were replaced by asynaptic chromosomes in the ancestral species. Once they become the primitive trait for this group, some species restored the synaptic condition. 
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This paper P. majori BORODIN et al. 1995 M. oeconomous ASHLEY and FREDGA 1994 , BORODIN et al. 1995 If the asynaptic condition was the primitive trait for this mammalian group, and the synapsis was further restored in some species, then species with primitive karyotypes would present asynaptic sex chromosomes while species with derived karyotypes would be synaptic. However, this correlation has not been observed. In fact, M. ni6alis and M. guentheri, which can be considered species with the most primitive karyotypes studied to date, present synaptic and asynaptic sex chromosomes respectively (BORODIN et al. 1995) . Furthermore, species with the original X chromosome (X chromosome that represents approximately 5 % of the haploid genome) have either synaptic (e.g. M. ni6alis and A. sapidus) or asynaptic (e.g. M. ar6alis, ASHLEY et al. 1989 ) sex chromosomes.
The fact that most of the genera of this family present species with synaptic sex chromosomes, and only three genera (Pitymys, Microtus and Myopus) present species with asynaptic sex chromosomes, supports the hypothesis that the synaptic condition was the ancestral situation in Arvicolidae.
The asynaptic sex chromosomes are present in species of the closely-related genera Microtus and Pitymys, which suggests that this condition in both genera could have a common origin. The asynaptic condition of Myopus schisticolor, which belongs to a very distant genus, probably has a different origin and could have originated by means of a different mechanism.
The genus Microtus is very interesting because it includes both synaptic and asynaptic species. It is the most recent and diversified group of arvicolids (COR- BET and HILL 1986) , with the highest rate of karyotypic change of the 18 rodent genera studied (MARUYAMA and IMAI 1981) .
In terms of sex chromosomes, this genus also presents high variability, as demonstrated by the existence of some species with large blocks of heterochromatin in both sex chromosomes with independent evolution and species specific composition (MODI 1993; NEITZEL et al. 1998; FERNÁ NDEZ et al. 2001) . Thus, we could suppose that the asynaptic condition originated independently in each species. Nevertheless, this possibility is highly improbable from an evolutionary point of view.
The alternative to this hypothesis is the existence of a common origin for the species with asynaptic sex chromosomes. In this case, the difficulty would be how to determine when the asynaptic condition appeared in Microtus so that the presence of both types of sex chromosomes in this genus can be explained. NADACHOWSKI (1991) (Chionomys) ni6alis) . In this case, the synaptic condition of the sex chromosomes of M. ni6alis would be the primitive trait, as is so in the other genera of Arvicolidae.
On the other hand, BURGOS et al. (1988) demonstrated that the karyotype of M. ni6alis closely resembles the karyotypes of two asynaptic species: M. ar6alis and M. cabrerae. In fact, if sex chromosomes are not considered, only four pericentric inversions separate the karyotypes of M. ni6alis and M. cabrera (BURGOS et al. 1988 ). Thus, we should also consider the possibility that M. ni6alis represents a primitive form of the lineage that lead to the asynaptic Microtus group, which has conserved synaptic sex chromosomes.
On the basis of the current knowledge, the asynaptic condition could have originated once or twice in Arvicolidae depending on the phylogenetic considerations concerning the origin of the genus Pitymys. If we consider the genera Pitymys and Microtus as different, then the asynaptic sex chromosomes took place twice, once in the Microtus lineage and once in the Pitymys lineage. However, the phylogenetic position of the genus Pitymys are not clear at the moment and many authors include the species of this genus in the genus Microtus. Considering that the loss of pairing capabilities in two separate lineages is highly improbable, therefore the asynaptic sex chromosomes would arise only once. In that case, Pitymys species would be included in the same lineage as the asynaptic Microtus. The study of the synaptic behaviour of sex chromosomes in more species of the genus Pitymys will help to test this possibility.
In addition to the phylogenetic origin of this condition and the mechanisms implicated in proper sexchromosome segregation in asynaptic species, several interesting questions are still unsolved. Why did the sex chromosomes of these species become asynaptic? Were the pairing regions lost or inactivated? Were they lost or inactivated in one or both sex chromosomes?
